Background. Skinfold thickness (SFT) measurements are a reliable and feasible method for assessing body fat in children but their use and interpretation is hindered by the scarcity of reference values in representative populations of children. The objective of the present study was to develop age-and sex-specific percentile curves for five SFT measures (biceps, triceps, subscapular, suprailiac, medial calf) in a representative population of Canadian children and youth. Methods. We analyzed data from 3,938 children and adolescents between 6 and 19 years of age who participated in the Canadian Health Measures Survey cycles 1 (2007/2009) and 2 (2009/2011). Standardized procedures were used to measure SFT. Age-and sexspecific centiles for SFT were calculated using the GAMLSS method. Results. Percentile curves were materially different in absolute value and shape for boys and girls. Percentile girls in girls steadily increased with age whereas percentile curves in boys were characterized by a pubertal centered peak. Conclusions. The current study has presented for the first time percentile curves for five SFT measures in a representative sample of Canadian children and youth.
INTRODUCTION
The rising prevalence of overweight and obese children and associated public health toll in Canada and other developed countries is well established (Shields, 2006; Tran et al., 2013; Ng et al., 2014) . Effective obesity prevention and treatment efforts require reliable identification of the at risk population. Specifically, accurate characterization of childhood body composition is essential for identifying children who exceed recommended weight norms or may be at risk of future excess weight and related cardiovascular and metabolic health conditions. Though body mass index is the most commonly used method for assessing childhood body composition, it does not provide an accurate estimate of adiposity (Frankenfield et al., 2001; Brambilla et al., 2006) . Childhood adiposity is potentially more strongly associated with future body composition and metabolic status than childhood BMI (Freedman et al., 1999; Nooyens et al., 2007) . Childhood adiposity is also positively associated with certain cardiovascular and metabolic disease risk factors (Going et al., 2011; Dai et al., 2009) . Skinfold thickness (SFT) measures are a feasible and reliable estimate of body fat (Boeke et al., 2013; Sardinha et al., 1999; Bedogni et al., 2003) , and have been shown to be predictive of elevated levels of cardiovascular disease risk factors (Steinberger et al., 2005; Petkeviciene et al., 2015) and metabolic syndrome (Laurson, Eisenmann & Welk, 2011) . Interpretation and uptake of SFT measurement as a method for the assessment of body fat is hindered by the lack of reference data. While there are health-related cutoffs for BMI (Cole et al., 2000; De Onis et al., 2007) , waist circumference (World Health Organization, 2008) , and waist-to-height ratio (McCarthy & Ashwell, 2006) , there is no comparable definition based on SFT for either children or adults. Percentile curves have been developed for US (Laurson, Eisenmann & Welk, 2011; Addo & Himes, 2010) and European (Moreno et al., 2007; Heude et al., 2006; Haas, Liepold & Schwandt, 2011; Brannsether et al., 2013; Kromeyer-Hauschild, Glässer & Zellner, 2012; Jaworski et al., 2012; Wohlfahrt-Veje et al., 2014; Nagy et al., 2014) children. The applicability of these values to the Canadian population is limited due to differences in childhood overweight and obesity prevalence. Moreover, previous SFT references have either been developed with a limited number of skinfolds (Laurson, Eisenmann & Welk, 2011; Addo & Himes, 2010; Brannsether et al., 2013; Kromeyer-Hauschild, Glässer & Zellner, 2012) or were based on a narrower age range (Moreno et al., 2007; Haas, Liepold & Schwandt, 2011; Klimek-Piotrowska et al., 2015) . Therefore, the objective of the present study was to develop age-and sex-specific percentile curves for five SFT measures (biceps, triceps, subscapular, suprailiac, medial calf) in a representative population of Canadian children and youth.
METHODS
The present study used data from the Canadian Health Measures Survey (CHMS) cycles 1 and 2. The CMHS is a representative, cross-sectional survey that assesses indicators of health and wellness in Canadians between 3 and 79 years (Statistics Canada, 2011; Statistics Canada, 2012) . The survey consists of a household interview to obtain sociodemographic and health information, and a visit to a mobile examination centre to perform a number of physical measurements and tests. The sampling frame of the Canadian Labour Force Survey was used to identify the collection sites for the mobile examination centres. Within each collection site, households were selected using the 2006 Census as the sampling frame. Interviews and examinations for the CHMS Cycle 1 and 2 were performed between 2007 and 2009, and 2009 and 2011, respectively . The overall response rate in the two cycles was 51.7% and 55.7%, respectively. Data from the two cycles was combined as per Statistics Canada guidelines (Statistics Canada, 2013 ) and weighted to account for the design effect and non-response bias (Statistics Canada, 2013) . A total of 11,999 persons participated in the physical examination part of the survey. The present analysis uses data from 3,938 children and adolescents (1,996 males and 1,942 females) between the ages of 6 and 19 years.
Anthropometric measures
Body mass index was calculated from measured weight and height using the formula weight/ height 2 (kg/m 2 ). Weight was measured using a calibrated digital scale (Mettler Toledo, Mississauga, ON, Canada) to the nearest 0.1 kg. Standing height was measured using a fixed stadiometer with a vertical backboard and a moveable headboard to the nearest 0.01 cm. Weight status (underweight, normal weight, overweight, obese) was determined based on the IOTF (International Obesity Task Force) growth reference (Cole & Lobstein, 2012) .
All SFT measurements were performed by trained health professionals at the mobile examination centres using a Harpenden skinfold caliper to the nearest 0.2 mm. Each SFT was measured three times and the average of the three measurements was used. Triceps SFT was measured on the midline of the back of the arm at the mid-point level between the acromium process and the tip of the olecranon process. Biceps SFT was measured over the biceps at the same level as the midpoint for the triceps. Subscapular SFT was measured below the inferior angle of the scapula at an angle of 45 degrees to the spine. Suprailiac SFT was measured in the mid-axillary line above the crest of the ilium. Medial calf SFT was measured at the medial side of the calf at the point of the largest circumference. SFT measurements were not done on individuals with a BMI ≥ 30 kg/m 2 .
Statistical analysis
The data were split by sex and modeled using a four parameter (µ,σ ,ν,τ ) Box-Cox power exponential distribution (Rigby & Stasinopoulos, 2004) . The GAMLSS method is an extension of the LMS method (Cole & Green, 1992) and assumes that when the data (Y ) is transformed using the transformation:
Z follows a standard power exponential distribution with power parameter τ . The age-specific distribution expresses the mean, coefficient of variation, skewness, and kurtosis as parameters that change smoothly as a function of age by modeling them as cubic splines. These functions can be plotted as smooth curves in terms of age and are referred to as the µ (mean), σ (variance), ν (skewness), and τ (kurtosis) curves. Centiles for a particular age are computed by using the values of the four parameters for the corresponding age. The 3rd, 10th, 25th, 50th, 75th, 90th, and 97th centile curves were computed for biceps, triceps, subscapular, suprailiac, and medial calf SFT.
To avoid unusual behaviours of the spline functions near the end of the age range, data from respondents up to age 30 years were used to fit the models. This modification produced smoother curves that more accurately reflect the population characteristics. Residual quantile plots (''worm plots'') (Van Buuren & Fredriks, 2001 ) were used to assess the goodness of fit of each component of the models.
All calculations were performed using the sampling weights provided by Statistics Canada (2013) to account for design effect and non-response bias. The CHMS uses a multistage sampling design with two sampling frames to select its sample. The probability of an individual to be selected for the survey is determined as the product of the probability of selection at each stage. To correct for non-response, the weight of non-respondent households and individuals is redistributed to respondents within homogeneous response groups based on characteristics that are available for both respondents and nonrespondents as determined from the Census of Canada (such as dwelling type or household income). A detailed description of the weighting procedure can be found elsewhere (Statistics Canada, 2012) .
The statistical software package R (R Core Team, 2016) with the gamlss package (Rigby & Stasinopoulos, 2006) was used to perform the statistical analyses.
Ethics
All processes used for cycles 1 and 2 of the CHMS were reviewed and approved by the Health Canada Research Ethics Board to ensure that internationally recognized ethical standards for human research were met and maintained. Written informed consent was obtained from all participants aged 14 years and older; parents or guardians gave consent on behalf of children aged 6-13 years, while the child provided his or her assent to participate (Statistics Canada, 2011; Statistics Canada, 2012) . The current project was approved by the IWK Health Centre Research Ethics Board, Halifax, NS, Canada (File #1014413).
RESULTS
Characteristics of the sample are shown in Table 1 . The median and interquartile range for the five SFT measurements by age and sex are shown in Table 2 . The parameter values (µ,σ ,ν,τ ) as well as the 3rd, 10th, 25th, 50th, 75th, 90th, and 97th percentiles for the SFT curves are presented by age and sex (Tables 3-7) . Model diagnostics showed an adaequate fit for all models.
Percentile curves are materially different in both absolute values and shape for boys and girls . Girls have higher median skinfold thickness than boys at all measurement sites ( Table 2 ). All skinfold thickness measurements among girls are characterized by a relatively steady increase from childhood through adolescence despite differing absolute percentile values and rates of yearly change. Lower body (medial calf, suprailiac) skinfold thickness measurements steadily rise until adolescence at which point the rate of yearly increase diminishes. Among upper body measurements, the biceps percentile curve plateaus in early adolescence, whereas the triceps and subscapular curves steadily increase from age 6 to 19. No substantial differences in truncal (subscapular, suprailiac) and peripheral (triceps, biceps, calf) percentile curves among girls were observed.
Skinfold thickness curves in boys are characterized by a peak around age 12 years. The magnitude of this pubertal centered peak was most notable in the percentiles exceeding the median. Subsequent to the post-pubertal peak, skinfold thickness decreased in the peripheral measures (biceps, calf, triceps) and moderately increased in the truncal measures. There were no apparent distinguishing characteristics between the upper and lower body percentile curves in boys.
DISCUSSION
The current study has presented for the first time percentile curves for five SFT measures based on a representative sample of Canadian children and youth aged 6-19 years. The percentile curves presented are meant to be descriptive rather than prescriptive as associations with cardiovascular disease markers or outcomes were not assessed. The data may be used by researchers as reference data for future studies.
Our findings are comparable with other studies that have examined the development of SFT in childhood and adolescence. Both the steady upward trend in girls and the pubertal peak in boys were also observed in US (Addo & Himes, 2010) , German (Haas, Liepold & Schwandt, 2011; Kromeyer-Hauschild, Glässer & Zellner, 2012; Neuhauser et al., 2011 ), Polish (Jaworski et al., 2012 , and Norwegian children (Brannsether et al., 2013) . Of note, the pubertal peak was less pronounced in samples with a narrower age ranges (Moreno et al., 2007; Haas, Liepold & Schwandt, 2011; Brannsether et al., 2013; Kromeyer-Hauschild, Glässer & Zellner, 2012) . The absolute SFT values in our study were largely comparable to US data of 32,783 children ages 1-19 years collected between 1963 -1994 (Addo & Himes, 2010 : median triceps and subscapular SFT at age 12 years were comparable between girls in the CHMS (triceps: 13.5 mm; subscapular: 8.8 mm) and the US study (triceps: 13.1 mm; subscapular: 8.2 mm). Median triceps SFT at age 12 in CHMS boys was slightly lower than reported in US boys (11.3 mm vs. 13.1 mm) whereas median subscapular SFT was slightly higher in the CHMS than in the US sample (7.1 mm vs. 6.0 mm). These differences may be due to heterogeneity in timing of data collection, ethnic distribution, and statistical methodology (LMS vs. GAMLSS) between the two studies. Comparison with SFT in adults is a challenge due to the scarcity of adult SFT data. Data from adults in the NHANES recruited between 1971 and 1974 shows that median subscapular SFT values in the youngest adult age category (ages 18-24 years) were moderately higher than median values at age 18 years among CHMS participants (males 11.0 vs. 9.0 mm, females 13.0 vs. 12.4 mm) (Bowen & Custer, 1984) . Considering that the NHANES data was collected prior to the obesity epidemic, the higher SFT in the US sample is unexpected. It is possible that these differences reflect the higher rate of obesity in the US compared to Canada (Ng et al., 2014) or the use of a broader age category and the influence of increasing SFT in early adulthood. Skinfold thickness measurements are frequently used to derive an estimate of body fat percentage (Laurson, Eisenmann & Welk, 2011; Haas, Liepold & Schwandt, 2011; Rodríguez et al., 2005) . One of the most commonly used estimation equations for this purpose was developed by Slaughter et al. (1988) and predicts body fat from triceps and subscapular SFT. However, while the simplicity of these equations is very appealing, they are based on a historical population and their validity for use in contemporary populations is questionable (Wells & Fewtrell, 2006) as evidenced by the bias when compared with methods like dualenergy X-ray absorptiometry (Rodríguez et al., 2005; Wells et al., 1999; Freedman, Horlick & Berenson, 2013) . Moreover, reference data for directly measured body fat using criterion methods are now available (Moreno et al., 2007; Wells et al., 2012; Van der Sluis et al., 2002) that allow for accurate assessment of the development of lean and fat mass in children. It should also be acknowledged in this context that SFT inherently only measures external fat and can not assess internal visceral adiposity, which is most strongly associated with health outcomes (Kelishadi et al., 2015) . However, SFT shows good correlations with elevated levels of cardiovascular disease risk factors (Steinberger et al., 2005; Petkeviciene et al., 2015) and metabolic syndrome (Laurson, Eisenmann & Welk, 2011) . To our knowledge, only one study employed the GAMLSS method (Rigby & Stasinopoulos, 2004) like we did to model SFT percentiles. The authors of this multicentre European study derived SFT percentile curves for 18,745 children ages 2-10 years but excluded overweight, obese, and underweight children from the analysis (Nagy et al., 2014) . Thus, a direct comparison of their findings with ours is not feasible. The LMS method (Cole & Green, 1992) has become the most popular choice for modeling percentiles curves for anthropometric measures due to its ease of use, adoption by the World Health Organization (De Onis et al., 2009) , and the availability of a simple software tool (LMSchartmaker, Harlow Healthcare, UK) to generate the curves. In a recent analysis of the same sample of children, we generated percentile curves for BMI, waist circumference, waist-to-height ratio, and sum of five skinfolds with an adaequate model fit using the LMS method (Kuhle et al., 2015) . However, when using the 3-parameter LMS method for the individual SFT measurements in the present study, the diagnostic worm plots revealed a large amount of kurtosis present for some variables. The LMS method attempted to account for the kurtosis with skewness, which lead to a poorer model fit at the tail end of the distribution. By contrast, the GAMLSS method includes a 4th parameter to allow the explicit modeling of kurtosis as a function of age. Diagnostics showed no model inadequacies when the curves were constructed using the GAMLSS method. Future studies should consider using the GAMLSS method if the model fit using an LMS approach is not adaequate. The strengths of the current study include the nationally representative sample of children and youth, and the use of sample weighting to account for non-response and design effect. The availability of a wide age range in the CHMS study population allowed us to visualize growth related trends that were not apparent in studies with narrower age ranges (Moreno et al., 2007; Haas, Liepold & Schwandt, 2011; Brannsether et al., 2013) . We did not exclude overweight or obese children as the objective of the present study was to describe body fatness measures in a representative population of Canadian children rather than to attempt to describe what may constitute normal percentile values. Due to the physical burden of the assessments used in the survey, and the need to travel to the mobile examination clinics, there may have been a self-selection toward more mobile, healthier, and fitter individuals. Our study is limited by the relatively small sample size, and the cross-sectional nature of the data; longitudinal data may more accurately reflect how body fatness changes with age. The omission of SFT measurements in children with a BMI greater than 30 resulted in an exclusion of 4% of children, which may have resulted in a slight downward shift of the percentiles compared to the full sample. While the flexibility of the GAMLSS method is a notable strength, its flexibility also means that the curves may differ considerably based on the parameter choices made by the researcher.
This study has presented percentile curves for SFT in a representative sample of Canadian children and youth. Since we did not examine any relationships with health outcomes or disease markers, the data should be considered as a reference for future studies and not as a growth standard.
